in the COC and ETC loci is intriguing and raises the possibility of several alternative roles for TFIIIC in these regions. For example, this arrangement might reflect a barrier function that protects adjacent genes from the promiscuous use of regulatory elements. Alternatively, these B-boxes may represent sites of regulated Pol III occupancy. Finally, TFIIIC might be involved in Pol II transcription. Resolution of these possibilities will require an in-depth analysis of the expression of COC loci upon deletion of the B-boxes.
Immunofluorescence using antibodies against specific TFIIIC subunits revealed five to ten TFIIIC bodies that localize to the nuclear periphery in proximity to the nucleolus ( Figure  1 ). Importantly, DNA sequences of the mat region, centromeres, and COC loci were found in these TFIIIC bodies. Such findings are reminiscent of the localization of other insulator proteins, wherein protein coalescence is proposed to establish chromatin loops that define independent domains of transcriptional activity (Kuhn and Geyer, 2003) . It will be important to identify other components present in the TFIIIC foci in order to determine whether these bodies contain Pol III-transcribed loci or are specific for barrier complexes. The mechanisms involved in coalescence and targeting of TFIIIC to the nuclear periphery are unclear. Clues to these processes may be provided by findings in S. cerevisiae that barrier function is conferred through interactions with the nuclear pore complex (Schmid et al., 2006) . Further, it is possible that transcription of the mat barrier is required for the nuclear TFIIIC coalescence, as the B-boxes are required for both RNA production and barrier function.
The conservation of TFIIIC and B-boxes implies that the barrier function may span across species. In S. cerevisiae, TFIIIC and Pol III present at tRNA genes form a barrier against heterochromatic spreading through chromatin modifying activities (Donze and Kamakaka, 2002) . In the human genome, an Alu element in the K18 gene partially protects this gene from chromosomal position effects (Willoughby et al., 2000) . Barrier effects depend upon B-boxes in the Alu element, suggestive of the requirement for these sequences at mat barriers. Taken together, TFIIIC bound to B-boxes might play a general role in eukaryotic genomes by boxing in heterochromatin.
As Anfinsen (1973) demonstrated over 30 years ago, a well-designed amino acid sequence is sufficient to fold a polypeptide chain to its native three-dimensional structure in vitro. For small proteins and protein domains (<100 amino acids), folding in vitro is usually highly efficient, the unique native conformation being sought and found from the billions of alternative possible structures in millisecGroeL: More than Just a folding cage Sheena E. Radford 1, *
The chaperonin GroEL has been thought of as an important but passive player in protein folding, providing an encapsulated environment that allows folding to proceed unimpaired by aggregation. In this issue, Tang et al. (2006) redesign the GroEL central cavity and show that the chaperonin cage can alter the rate of folding and, for some proteins, could even alter the folding mechanism.
onds (Jahn and Radford, 2005) . For larger proteins, however, especially those with more complex topologies, the path to the native state is more tortuous. Stable intermediates are often formed, potentially opening the door to dangerous liaisons with other molecules that can lead to the formation of aggregated species, potentially with deadly consequences (Ellis, 2001 ). Folding in vivo is assisted by a set of proteins-collectively known as molecular chaperones-that help proteins fold successfully to their native structure in the crowded environment of the cell (Ellis, 2001) . In this issue, Tang et al. (2006) further our understanding of how the chaperonin, GroEL promotes protein folding. The chaperonins are a class of molecular chaperones of which GroEL (from the bacterium Escherichia coli) is the paradigm (Saibil and Ranson, 2002) . This protein folding machine is a homo-oligomer formed of 14 subunits arranged in two 7-mer rings arranged back-to-back (Figure 1) . Each ring contains a large central cavity in which folding of newly synthesized proteins, or transiently unfolded species, takes place, one ring functioning as a folding compartment (known as the cis ring) at a time. Encapsulation of the folding polypeptide chain within this central cavity-under a "lid" formed by binding of the co-chaperonin, GroES-allows folding of a single polypeptide chain to proceed unchallenged by intermolecular interactions. Subsequent, controlled substrate release by the timed hydrolysis of ATP then allows native-like proteins to be released (Saibil and Ranson, 2002) . Until very recently the GroEL/GroES complex was thought of as an important, but passive, participant in protein folding. Recent experiments have shown, however, that the folding of some proteins is accelerated in the GroEL/GroES folding cage (Brinker et al., 2001) , providing the first hints that the GroEL/GroES cavity could be more than just a folding container.
In this issue, Tang et al. (2006) provide new evidence that supports the idea that GroEL plays a more active role in folding. They performed an elegant series of experiments in which the volume and surface properties of the GroEL central chamber were altered by rational design, and the effect on the folding rate and yield of correctly folded protein was measured. The substrate proteins chosen for the study included the 41 kDa maltose binding protein (MBP) and two slow folding variants, called single mutant (SM) and double mutant (DM). Importantly, the rate of folding of the variants had already been shown to be enhanced in the GroEL/GroES cavity, supporting the proposition that encapsulation can influence folding, in concert with predictions based on confinement theory (Zhou, 2004) . In parallel, studies of the smaller (33 kDa) proteins rhodanese and MetF and the larger, 50 kDa substrate RuBisCO allowed the effect of protein sequence and size on folding efficiency to be addressed.
So how was the volume of the chaperonin central cavity altered? The key and clever trick in the experiments described by Tang et al. (2006) was to make use of the 7-fold symmetry of the folding cage and 23 residues at the C terminus of each GroEL subunit, which have the unusual amino acid sequence ([GGM] 4 M) at their tips (Figure 1 ). These regions are dynamic and protrude from the base of each subunit into the central cavity. Previous work had shown that these regions are not required for a functional chaperonin but may be required for the folding of at least some substrate proteins under stressful conditions in vivo (Mclennan et al., 1993) . Tang et al. (2006) deleted these repeats or replicated them two, three, or four times, which they estimate increases the volume of the cavity by 4% or decreases it by up to 13%. Remarkably, the cavity is shown to have an optimum volume for folding efficiency, dependent on the size of the substrate protein. For the relatively small proteins, rhodanese and MetF, reducing the cage size first increases the rate of folding until a critical size limit, which, once exceeded, leads to a dramatic decrease in folding rate. For the larger substrates, MBP and RuBisCO, perhaps more representative of the most common natural GroEL substrates (Kerner et al., 2005) , either reducing or increasing cage volume slows folding. For these proteins the natural cavity volume is optimal for folding. Size matters.
For the largest GroEL substrates it is quite a squeeze to fit the substrate protein into the 175,000 Å (Ellis, 2001 ) central cavity of the cis ring. As well as restricting the conformational freedom of the substrate protein this increases the possibility of interactions with the surface of the cavity, raising the possibility that the chemical makeup of the cavity lining could also influence folding. The walls of the GroEL cis cavity have a large net negative charge, suggesting that electrostatic interactions could also influence the folding rate. Forty-two of these negative charges are found in two layers of Asp and Glu residues toward the top of each GroEL subunit ( Figure  1 ). By substituting one or more of these residues in each GroEL subunit with Asn, Gln, or Lys, Tang et al. (2006) determined the importance of the cavity surface charge on the folding of their model proteins. Similarly, by altering the GGM motifs to GGA or AAA, the authors changed the properties of the GroEL floor. The results are striking, revealing that the cavity lining can have a profound influence on folding. For some proteins the yield is reduced, for others the rate is affected, and for a final set, including wild-type MBP, little effect of surface charge on folding is observed. The cavity surface also matters.
Together the results demonstrate that GroEL/GroES plays at least a tripartite role in folding: (1) encapsulation offers a safe environment for folding; (2) the physical effects of confinement can speed up folding for some proteins, or retard folding for others, dependent on polypeptide chain length; and (3) for some proteins, "chemical chaperoning" occurs where folding is tailored by the properties of the cavity walls. Given that GroEL/GroES can potentially fold all proteins in the bacterial cytosol and is involved in the folding of at least 250 E. coli proteins, the evolution of a single protein complex capable of folding multiple substrates that fold on different timescales, with different folding mechanisms, and have very different amino acid sequences is no small feat. The result is a chaperonin complex that is a compromise. One size may fit all, but for some the fit is better than others. For some substrates there is room for improvement (see also Wang et al., 2002) . Given the high sequence conservation of GroEL/GroES throughout phylogeny, the compromise appears to be a good one.
With this new view of chaperonin-assisted folding we may need to rethink several issues in protein folding. Importantly, we will need to reassess the structural mechanism of folding within the GroEL/GroES cavity. Does folding occur in an Anfinsen-type manner (albeit on a faster timescale than the spontaneous rate) and why is folding faster? Are new, more efficient routes for folding opened up by the special cavity environment? How can we exploit knowledge of chaperonin structure and function to enhance the folding of "difficult" proteins in vitro or to create new expression systems tailor-made for the production of a particular protein without compromising host survival? Over the last 30 years theoretical and experimental methods have been honed for the study of the folding of small, rapidly folding domains. The data presented by Tang et al. (2006) suggest that the ideal proteins to address these issues will fold slowly, be at least 40 kDa in size, and have a complex topology stabilized by long-range interactions, as such proteins are most likely to feel the restraints of physical size and to interact with the cavity surface. Delineating the folding mechanism of such proteins poses an immense experimental challenge. Yet addressing these issues will allow us to ponder why Nature has evolved only around 1000 protein scaffolds: is this because this diversity is sufficient to meet the needs of biological function, or is this the limit of complexity that can be dealt with by the chaperonins?
